Purpose: To analyze steady-state signal distortions in interleaved balanced steady-state free precession (bSSFP) caused by slightly unbalanced eddy-current fields and develop a general strategy for mitigating these artifacts.
CERTAIN ESTABLISHED and emerging balanced steady-state free precession (bSSFP) (1-4) imaging applications require large and frequent changes in the gradient waveforms from one TR to the next. One such application of particular interest in our research group is bSSFP phase-contrast (PC) magnetic resonance imaging (MRI) (5-7), which utilizes two or more images acquired with different gradient first moments at the echo time (TE). This can be achieved by switching between a positive and negative bipolar gradient pulse played before or after the data acquisition window (5), or by inverting the sign of the imaging gradients themselves (6, 7) . Unfortunately, different gradient waveforms will in general produce slightly different residual eddy-current fields, which in turn give rise to small differences in the precession angle (8) . As a result, switching between two waveforms on a TR-by-TR basis can produce an "oscillating" steady state (9) for spins near on-resonance, resulting in severe image artifacts. For this reason, bSSFP PC-MRI has been limited to noninterleaved imaging, which limits the application of this technique to nonreal-time acquisitions, and makes the measurements more susceptible to patient motion.
Bieri et al (8) showed that eddy-current-induced bSSFP signal distortions for on-resonance spins can be mitigated by pairing the waveforms. Waveform pairing ensures that any eddy-current-induced change in precession angle in one TR is simply reproduced in the following TR. This tends to bring spins that are near on-resonance back to the same starting point, regardless of the precise value of the small and unknown eddy-current-induced change in precession angle. Waveform pairing was recently applied to bSSFP phasecontrast imaging (10) . However, paired interleaved bSSFP introduces signal distortions approximately halfway between the center of the bSSFP passband and the signal nulls. In order to suppress within-band signal distortions in paired bSSFP, Markl et al (11) proposed a "double average" (dAVE) acquisition scheme in which every phase-encode is acquired twice and the complex signals are averaged. dAVE imaging has the Magnetic Resonance Engineering Laboratory, Ming Hsieh Department of Electrical Engineering, University of Southern California, Los Angeles, California. Contract grant sponsor: American Heart Association; Contract grant number: POST-0625253Y; Contract grant sponsor: National Institutes of Health; Contract grant number: R01-HL074332, R21-HL079987. *Address reprint requests to: J.-F.N., Ming Hsieh Department of Electrical Engineering 3740 McClintock Ave., EEB 400, University of Southadvantage that it simultaneously suppresses signal distortions due to both unbalanced eddy-currents and off-resonance-induced signal oscillations during the transient toward steady state, at the cost of doubling the acquisition time (for a given phase-encode acquisition scheme).
In this work we analyze the effects of unbalanced precession on the steady-state bSSFP magnetization, with particular attention to bSSFP PC-MRI sequences that rely on accurate blood signal phase measurements. Using numerical Bloch simulations and phantom experiments, we show that steady-state signal distortions in interleaved bSSFP can be quantitatively accounted for by means of a simple model that associates an effective resonance offset with each gradient waveform. We also show that extending the idea of pairing by executing the waveforms in groups of two or more offers a systematic and general strategy for reducing steady-state distortions within the bSSFP passband. Whereas the dAVE method uses phase-encode pairing (N ϭ 2) and signal averaging, the proposed strategy acquires each phase-encode only once for each sign of the bipolar velocity-encoding gradient, and does not increase the overall acquisition time. The feasibility of applying the proposed waveform "grouping" strategy to in vivo cardiac flow imaging is explored in one healthy volunteer.
MATERIALS AND METHODS

Numerical Analysis
Numerical simulations were performed to investigate the effect of gradient waveform grouping on the steadystate magnetization profile over the full 1/TR SSFP band spacing. Simulations were performed in MatLab (MathWorks, Natick, MA) and assumed that SSFP imaging is performed using two different waveforms "A" and "B" that are switched every N TRs. For example, N ϭ 1 corresponds to directly interleaving the waveforms every TR ("ABABABAB…" ordering), and N ϭ 2 corresponds to waveform pairing ("AABBAABB…"). To simulate the effect of waveform-dependent changes in precession angle, the two waveforms were associated with two slightly different resonance offset frequencies f A and f B ϭ f A ϩ ⌬f AB . Simulations were performed using relaxation parameters corresponding to five different tissue types at 3T (12, 13) : gray matter (T1/T2 ϭ 1820/99 msec), fat (T1/T2 ϭ 383/68 msec), muscle (T1/T2 ϭ 1412/50 msec), liver (T1/T2 ϭ 812/42 msec), and blood (T1/T2 ϭ 1932/275 msec).
The steady-state magnetization m ss for given values of f A and ⌬f AB was obtained by letting the magnetization evolve over time according to the Bloch equations and requiring the magnetization to return to the same value every 2N TRs. To facilitate these calculations, spin evolution was expressed as a matrix multiplication (14, 15) , which allows the steady-state signal to be obtained by solving the linear system:
where A (a 3 ϫ 3 matrix) and b (a 3 ϫ 1 column vector) express the accumulated influence of the RF excitations, T1 relaxation, T2 decay, and free precession that occur during the course of 2N TRs.
Phantom Imaging Experiments
All experiments were performed on a GE Signa 3T Excite HD system (General Electric Medical Systems, Milwaukee, WI) using a "zoom" whole body gradient coil (peak gradient amplitude 40 mT/m, maximum slew rate 150 T/m/s) where the designed imaging volume is 40 cm (x/y) ϫ 35 cm (z). Linear and B0 eddy currents are partially corrected using precompensation of the gradient waveforms and modulation of the synthesizer frequency, respectively. Both linear and B0 eddy currents are modeled with a series of decaying exponential terms. A spherical phantom (measured T1/T2 ϭ 200/30 msec) was placed at the scanner isocenter and imaged with a bSSFP pulse sequence that interleaved the two different readout waveforms illustrated schematically in Fig. 1 . The waveforms were switched every N TRs, with N ϭ 1 (direct interleaving), 2 (pairing (8)), or 4 (an instance of grouping). In addition, a conventional noninterleaved reference image was acquired using waveform "A" only. Imaging parameters were: 1 ϫ 1 ϫ 3 mm voxel size; TR ϭ 8.0 msec; flip angle 40°; 180°RF phase cycling every TR; field-of-view (FOV) ϭ 16 ϫ 20 cm (for noninterleaved bSSFP, and for N ϭ 1), 16 ϫ 40 cm (for N ϭ 2), and 16 ϫ 80 cm (for N ϭ 4). Gradient shims were manually adjusted such that the resonance offset varied linearly across the object along the phaseencode direction. Signal profiles were measured along the phase-encode direction. To increase measurement signal-tonoise ratio (SNR), each point in the magnetization profile was obtained by averaging the signal from 40 adjacent pixels along the readout direction. We determined empirically that reducing the number of averages did not affect the profile shape. Measured signal profiles were compared with simulation results by plotting the steady-state signal amplitude (ie, the magnitude of the transverse magnetization) and phase-difference (between echoes 1 and Nϩ1) over the 1/TR band spacing. The signal amplitude profiles were normalized by setting the peak signal in the noninterleaved case to 1 for both simulated and measured profiles. In this work, ⌬f AB was not measured independently, but acts as a (constant) fitting parameter. Both waveforms "A" and "B" produce the same FOV and matrix size, but have different gradient first moment at the echo (the center of the DAQ window). These waveforms can be used to measure in-plane blood flow velocity (16) .
In Vivo Imaging
Cardiac flow imaging was performed in a healthy volunteer using an interleaved bSSFP phase-contrast sequence (16) with the following parameters: ECG-gated CINE; single-slice 2DFT; flip angle 50°; 180°RF phase cycling every TR; FOV 20 ϫ 25 cm; voxel size 1.7 ϫ 3.1 ϫ 7 mm; TR ϭ 3.6 msec; six views per cardiac phase (temporal resolution 43.6 msec); linear phase-encode view ordering; flow-encoding along readout direction, with velocity-encoding value (VENC) ϭ 4.6 m/s. The data were acquired with an eight-channel cardiac receive-only coil array on the same scanner used for the phantom experiments. Two sequences were compared: paired interleaved bSSFP (N ϭ 2), and grouped interleaved bSSFP with N ϭ 6. Note that in the grouped interleaved acquisition the value of N is dictated by the desired temporal resolution. In particular, the maximum achievable temporal resolution decreases as N increases, since the acquisition window per cardiac phase is at least 2N TRs. it is the quantity of interest in PC flow imaging (17, 18) . In Fig. 2e -g, small DC offsets in the measured profiles were removed prior to plotting. For N ϭ 1 (Fig. 2b,e) , the signal amplitude and PD near the center of the passband deviate strongly from the "ideal" noninterleaved signal (9) . Pairing the waveforms (N ϭ 2, Fig. 2c,f) removes the artifact from the center of the passband, but introduces steady-state distortions near Ϯ1/(4TR). Increasing N to 4 (Fig. 2d,g ) reduces the size of the signal amplitude and PD distortions. Figure 2 also shows calculated (dashed) magnetization profiles for ⌬f AB ϭ 4.0 Hz, which was the value determined (empirically) to produce the best fit with the measured signal profiles. This corresponds to a precession imbalance of 11.5°. In all plots the observed magnetization (both magnitude and PD) is in good agreement with theoretical predictions, except for a systematic difference near the band edges. Additional simulations for higher values of N (not shown) indicate that the number of PD dips is equal to N, and that the spacing between neighboring dips is 1/(NxTR). Figure 3 shows simulation results for N equal to every integer from 2 to 15 for five different tissue types. Figure  3a shows the maximum magnitude deviation over the passband of width 2/(3 TR), relative to the steady-state signal for a noninterleaved bSSFP sequence (see inset in Fig. 3a) . Figure 3b shows the amplitude of the PD dip between echoes 1 and Nϩ1 (see inset in Fig. 3b) . Figure  3 predicts that steady-state signal distortions are systematically reduced with increasing grouping number N, and are mitigated quite effectively as N increases beyond 4 for most tissues (liver, fat, gray matter, muscle). Blood, however, exhibits relatively strong magnitude and phase distortions even for higher values of N. In Vivo Results Figure 4 shows cardiac images obtained in a 3-chamber view, mid-systole. Magnitude and velocity images are shown in the top and bottom rows, respectively, whereas results for N ϭ 2 and N ϭ 6 are shown in the left and right columns, respectively. The readout direction is vertical in the images. Rapid aortic blood flow is evident in both velocity images. However, the data acquired using N ϭ 2 exhibit signal loss (white arrow in Fig. 4a ) and velocity measurement distortions (arrows in Fig. 4c ). The velocity distortions identified by the red arrows in Fig. 4c appear to be related to FOV/2 ghosting from posterior subcutaneous fat. This is consistent with the expectation that images acquired with a given value of N can exhibit ghosts spaced FOV/N apart (eg, due to a large PD (or misalignment) between echoes). These artifacts are not present in the grouped interleaved bSSFP acquisition (Fig. 4b,d ). The artifacts identified by arrows in Fig. 4d indicate that artifacts have been suppressed but not completely removed. Note that the artifacts in Fig. 4a are not due to off-resonanceinduced transient oscillations, since such oscillations would occur independently of the waveform grouping number N, and thus would affect the two acquisitions equally. Similarly, the artifacts in Fig. 4a are not due to first-moment-uncompensated phase-encode gradients (19) , since the PE gradients were identical for the two acquisitions. Figure 3 suggests that N should be chosen as large as possible to minimize steady-state distortions. However, the optimal choice of N will depend on the particular imaging application. In particular, in time-resolved (eg, CINE) imaging the desired temporal resolution places a limit on the maximum value of N. Therefore, the proposed grouping technique should not be viewed as a solution to the problem of unbalanced precession in interleaved bSSFP, but rather as a tool that allows a trade-off to be made between steady-state signal distortions and application-specific requirements. Figure 3 also indicates that while steady-state signal distortions are mitigated quite effectively for most tissues, PD distortions for blood remain relatively large even for N ϭ 10. This has implications for applications that rely on accurate blood phase estimation, such as phase-contrast velocity mapping. In such applications it may be necessary to consider not only large values of N, but also develop strategies for minimizing the difference in precession angle.
RESULTS
Simulation and Phantom Measurement Results
DISCUSSION
Although the analysis presented here applies only to imaging in the steady state, we have performed additional simulations that indicate that transient imaging can also benefit from gradient waveform grouping. Figure 5 shows simulated transient magnetization profiles for noninterleaved bSSFP and interleaved bSSFP with N ϭ 1, 2, and 6, following an 8-TR Kaiser ramp preparation (20) to suppress transient oscillations for offresonance spins. Figure 5 shows that signal oscillations due to imbalanced precession occur not just in the steady-state, but also in the transient phase. Figure 5 also suggests that waveform grouping may be an effective strategy for mitigating eddy-current oscillations during both transient and steady-state imaging.
Our numerical simulations employed the simplest model possible, namely, that the effect of different waveforms is to alter the precession angle by an amount 2⌬f AB TR. Strictly speaking, since residual eddy-current fields have in fact been shown to be timevarying (8) , it would seem more accurate to include a time-varying ⌬f AB (t) in our model. However, since eddyfields have also been shown to be short-lived (Ͻ1 msec) (8), we expect the steady-state distortions to depend only on the net precession angle S o TR 2⌬f AB (t)dt over the entire TR, and thus to be independent of the precise form of ⌬f AB (t). In other words, the "effect" of each waveform only lasts for at most one TR, and does not carry over into subsequent TRs. This further suggests that the analysis presented here may apply to all bSSFP sequences that exhibit unbalanced precession, regardless of the physical cause of the imbalance. For example, Overall et al (21) inserted a bipolar gradient waveform into the pulse sequence every other TR, which causes flowing spins to acquire unbalanced phase during adjacent TRs. The resulting oscillating steady state can be analyzed quantitatively by setting N ϭ 1, and expressing the precession angle as a function of spin velocity. We did observe small DC offsets between the calculated and measured PD profiles, which were removed in Fig. 2e -g prior to plotting. It is possible that the residual eddy-fields have a complex time-behavior, such that the phase at the echo is not simply ⌬f AB TR , as our calculations assumed. We did not make independent measurements of the eddy-fields produced by the two gradient waveforms, and the source of the observed DC offset is not known.
In order to achieve reasonable image quality in our cardiac velocity-mapping experiments (even for N ϭ 6), it was necessary to choose a rather large VENC value (4.6 m/s). We observed empirically that reducing the VENC, thereby making the two interleaved gradient waveforms increasingly dissimilar, leads to increased ghosting artifacts and signal loss. This is likely due to increased eddy-current-induced precession imbalance as the gradients become more dissimilar. A VENC value as high as 4 -5 m/s may be suitable for imaging stenotic jets, but is too high to allow meaningful myocardial tissue velocity mapping. In order to perform interleaved bSSFP velocity mapping with more typical VENC values of 1.5 m/s or less, it may be necessary to apply additional methods for eddy-current artifact suppression.
In conclusion, the analysis presented in this article indicates that gradient waveform grouping offers a simple and general approach to mitigating steady-state signal distortions in interleaved balanced SSFP. When waveforms are executed in groups of N, signal profile variations tend to improve as N increases (Fig. 3) . Measured and calculated steady-state magnetization profiles are in good agreement (for N ϭ 1, 2, and 4), which suggests that steady-state signal distortions can be accurately predicted from simulations, regardless of the physical cause of the precession imbalance. However, blood exhibits significant distortions even with grouping, which represents a major obstacle for cardiovascular balanced SSFP approaches that interleave multiple gradient waveforms.
